Abstract: An empirical model is presented for analysis of debris flows based on field observations of landslides from clear-cuts in the Queen Charlotte Islands, British Columbia. Given an initial failure volume, changes in event magnitude arising from entrainment and deposition along the path of movement are used to establish the point at which the cumulative flow volume diminishes to zero, and therefore the total travel distance. Hillslope morphology is used to assign three types of flow behaviour: unconfined, confined, and transition flow. Flow behaviour and slope angle determine the occurrence of entrainment or deposition in the model, for every reach of the event path. Volume change in a reach is calculated from regression analysis of the Queen Charlotte Islands field observations. Predictor variables are reach length, width (of entrainment and (or) deposition), and slope angle, together with a bend-angle function and the incoming flow volume.
Introduction
Recent changes to forest development planning in British Columbia require that the potential for a landslide to affect other downslope resources be considered as part of the regulatory process for approval of logging plans. The landslides, comprising soil, rock, and organic material, are referred to as debris slides or debris flows according to the dominant type of movement (Cruden and Varnes 1996) . They are common in steep, forested terrain. Downslope movement from the main scarp is usually accompanied by both entrainment and deposition of material along the event path. The path length downslope from the point of origin to the point at which the mass (or volume) becomes zero is defined as the travel distance, usage consistent with that of Van Gassen and Cruden (1989) and Benda and Cundy (1990) . It is distinct from runout distance, defined as distance travelled downslope from the onset of large-scale deposition.
The risk (R) to downslope resources such as transportation routes, community water sources, and aquatic habitat is governed by the probability of failure (P f ) and the consequence of that failure (C f ) as described by Wu et al. (1996) , where
Risk when defined as the annual probability of death of an individual exposed to a hazard (PDI) has been defined as (Morgan et al. 1992 , from Pack et al. 1987 ments and observations of landslides from clear-cuts on the Skidegate Plateau in the Queen Charlotte Islands (QCI), British Columbia. The model establishes travel distance and therefore may be used to determine a value for the probability of spatial impact P(S:H) at a location downslope given initiation of failure. In forest development planning the "geomorphic consequence" of failure may also include a consideration of event magnitude. The structure, development, and testing of the model are described to validate its use and illustrate its application.
Travel distance
The travel distance of a debris slide and flow, or for that matter a snow avalanche, is a complex phenomenon governed by properties of the material and the path of movement. Analytical techniques for determining travel distance may be categorized either as empirical or dynamic in nature (see Fig. 1 ). Empirical models are typically based on limiting criteria (for example, Benda and Cundy 1990; Rollerson 1993, 1996; Bakkehøi et al. 1983) or on statistical relations (for example , Cannon 1993; Lied and Bakkehøi 1980) . Dynamic models may incorporate a rigid-body analysis, such as the mass-based approaches of Perla et al. (1980) and Van Gassen and Cruden (1989) , or the energy-based approach of Körner (1980) . Alternatively, dynamic models may consider a deformable-body approach using principles of continuum mechanics for hydraulic, granular, or block series (for example, Hungr 1995) . Acceleration, velocity, and position of the centre of mass are typically considered in dynamic models, together with the distribution of these parameters during sliding. Simplifying assumptions are often made where input parameters cannot be measured easily. Generally this is achieved by calibration of the model to similar events so that predictions can be made for other potential events. Grain-size distribution, water content, and confinement of flow are governing factors, and since the rheology of a landslide may change during movement, recent work has sought to develop a generalized approach that facilitates a more thorough calibration (Hungr 1995) .
In contrast to the dynamic methods of analysis, empirical approaches do not address the material rheology or mechanics of movement. In many situations where our understanding of material properties is limited and the path of debris flow movement is controlled by subtle changes in terrain, empirical approaches offer a practical means of predicting behaviour. Techniques based on limiting criteria yield relatively simple tools which are, at best, appropriate for preliminary site assessment, such as the channel slope and tributary junction angle proposed by Benda and Cundy (1990) . Statistical relations may include a multivariate analysis, such as the single regression equation developed by Cannon (1993) which incorporates the slope angle and the transverse radius of curvature of the landslide travel path. The equation by Cannon was used to determine the location where an assumed initial failure volume diminishes to zero given the influence of deposition only along the path of movement (Ellen et al. 1993) .
There is an inherent limitation with empirical techniques, given the dependence of prediction on an adequate database of field observations for model development. Nonetheless, these models provide a simple, yet practical tool for many types of problem. In this paper we describe a new empirical-statistical model for prediction of debris flow travel distance. It was developed using field surveys of postlogging landslides on the QCI. Fannin and Rollerson (1993) have previously reported physical characteristics and debris flow behaviour from this same data set. A volume-change approach is used in modelling, as outlined by Cannon (1993) . However, here the contributions of entrainment and deposition are treated separately. A further distinction is made between movement unconfined on open planar slopes and that confined by a gully or similar feature on the hillslope.
Study areas

Locations and geological history
Debris flow activity was examined at four sites in coastal British Columbia (see Fig. 2 ), all of which were glaciated in the Pleistocene (Clague 1989) . Field observations from a database of 449 events on the QCI were used to develop the model for prediction of travel distance and are referred to below as the QCI database. The study area on the Skidegate Plateau of the islands comprises dissected, rounded hills and ridges between 50 and 750 m above sea level. Bedrock is volcanic (basalt) and metasedimentary (conglomerates and sandstones).
Field observations from events at three additional study areas, termed the supplementary database, were used for independent testing of the model (Wise 1997) . Nootka Island, on the west coast of Vancouver Island, has similar terrain and bedrock dominated by gneiss and diorite. The Tsitika Valley comprises steeper terrain, rising from valley bottom at 150 m to peaks at 1700 m above sea level. Volcanic rock units are again dominant, with massive flows and sedimentary layers exhibiting low-grade metamorphism. Similarly, the Mamquam Valley ranges in elevation from 600 to 1700 m above sea level, with bedrock of lava flows overlying granitic intrusives (Jordan 1994) . A back-analysis of one event from the Tsitika Valley and one from the Mamquam valley is used to illustrate the model and its potential shortcomings.
The Queen Charlotte Islands (QCI) database: field observations
For each of the 449 landslide events, data from the path are reported according to channel reach, defined as a portion of an event path having a distinctive morphology, width, and orientation (see Fig. 3 ). The schematic plan view, shown for illustrative purposes, represents initiation on an open slope or in a gully headwall, followed by flow within a gully which leads to termination on an open slope.
The length (L i ), path azimuth (AZ i ), and slope angle (TH i ) of every reach were measured. The width (W i ) of entrained or deposited material, together with the respective depth, was estimated from inspection of minor scarps on open slopes, scour lines along gully sidewalls, lateral deposits along the event path, and buried organic horizons beneath more recent accumulations of sediment. The QCI data were obtained from a ground survey of each event path. These observations are considered forensic, since they were acquired months, and at most sites years, after the events occurred. A potential for error in these forensic measurements is therefore recognized; however, they were collected systematically, which ensures consistency in the data used for model development.
Characterization of the event path
Entrainment and deposition volumes
The field data for length, width, and depth in any reach i determine the observed magnitude of entrained volume (+dV i,o ) and (or) deposited volume (-dV i,o ). The observed net change in volume that occurs from the point of initiation (i = 1) allows calculation of cumulative flow volume along the path of movement, as illustrated in Fig. 4 for QCI event 1206. In this case, an initial failure volume of approximately 160 m 3 was followed by entrainment along the path of movement through to the end of the ninth reach (i = 9), after which deposition was dominant. Net entrainment was great- est in the second reach (i = 2). The event terminated in the thirteenth reach (i = 13), a distance of nearly 375 m from the point of initiation.
Inspection of the observed cumulative flow volume in this event reveals a typical feature of the field data: total entrained volume along the path does not equal total volume deposited. The result is a volumetric error (V err ) upon termination where, for n reaches,
Neglecting changes in density that occur as material is entrained and deposited, a conservation of volume was imposed on events used for regression analysis in the development of the model. Assuming that entrainment and deposition contribute equally to V err , a proportional adjustment was made to all observed volumes to give corrected volumes: [5]
yielding a summation to zero in the corrected values of cumulative flow volume (see Fig. 4 ). Travel distance is then defined as distance along the event path ( L i å ) from the point of origin to the end of terminal deposition.
Reach morphology and the mode of flow
Field observations and inspection of the survey data showed that reach morphology exerts a strong influence on flow behaviour. Three modes of flow behaviour were identified: unconfined flow (UF) on an open-slope reach (including the headwall, sidewall, or fan of a gully or a road); confined flow (CF) in a gully channel; and transition flow (TF), defined to occur on the first open-slope reach after a gully channel. Transition flow typically occurs on the apex of a fan but may occur where a confined event crosses a road. Unconfined-flow reaches typically exhibited a wide range of entrainment and deposition volumes. In contrast, confined-flow reaches yielded moderate volumes of entrainment and small volumes of deposition. Transition reaches experienced large volumes of deposition and little, if any, entrainment (Wise 1997) .
A volume-based approach was used in modelling travel distance. Therefore, the relation between assigned flow behaviour, slope angle of the reach, and occurrence of entrainment and (or) deposition was fundamental to development of the model. The QCI database comprises both single and multiple debris flow events. Single events follow a path that is not affected by adjacent landslide activity. Multiple events are a result of two or more events that share a common path as a result of flow convergence (Fannin and Rollerson 1993) . All single events, and the single tributary paths that were upslope of the point of confluence in a multiple event, were used to characterize this relation. Inspection of the data shows that, in most reaches, volume change is predominantly entrainment or predominantly deposition (see Fig. 5 ). Recognizing that some reaches experience both entrainment and deposition, a decision was made to model the dominant behaviour by applying a filter to the data in Fig. 5 . The decision rule was that the smaller volume change in a reach (+dV i or -dV i ) had to exceed 20% of the total volume change in the reach (|+dV i | + |-dV i |) to warrant modelling of a dual mode of flow (both entrainment and deposition in the same reach).
Typically, deposition dominates gentler reaches and entrainment the steeper reaches (see Fig. 5 ). Reach morphology also exerts an influence, with deposition more prevalent on unconfined steeper reaches than on confined steeper reaches. Therefore, bounds on each characteristic mode of flow were identified from inspection of the data. For unconfined flow, there is significant entrainment of material at a slope angle TH ³ 19°and deposition at TH £ 24° (Fig. 5a ). This implies a narrow range of slope angles over which entrainment and deposition occur. Entrainment dominates confined flow at TH ³ 10° (Fig. 5b) , and deposition dominates transition flow at TH £ 22° (Fig. 5c ). Although subjective, these limits are derived from judgement based on inspection of the data set and field experience.
Model development using the QCI database
The volume-based model (Fig. 6) involves the following controls. Initiation occurs for a known, or assumed, initial 
where dTH i and dAZ i denote the change in slope angle and path azimuth, respectively:
All of the predictor variables are physically based parameters.
Regression analysis
A subset was selected from the QCI database of 449 events for development of the model. Events selected all involve a single travel path of three or more reaches and a volumetric error described by Events involving only two reaches were not used because they represented very small landslides that are not usually a concern in forest development planning. The limit on the volumetric error is arbitrary and eliminates events for which field observations showed the total entrainment and total deposition volumes to be in poor agreement. The single tributary paths to multiple events were of no use in model development, because volumetric changes that occurred downslope of the point of confluence in the event path could not be attributed to any specific tributary or event. The resulting QCI (selected) data set has 131 debris flow events and comprises 533 reaches.
A multiple regression analysis was performed on predictor variables chosen as a result of best subset regression analyses, using a commercially available computer program Minitab (Minitab Inc. 1991) . A natural-logarithm transformation of the dependent-variable error and many of the predictor variables was used to achieve normality of the response-variable error after regression. This transformation permits a nonlinear relation to be approximated by a linear model, since positive-skew variables are linear in the logarithms (Weisberg 1985) . A summary of results is given in Table 1 . Two equations were developed for entrainment in reaches of unconfined flow because of a tendency for less entrainment of debris on steeper slopes. Inspection shows the coefficient of multiple determination, R 2 , to be higher for the calculation of deposition volumes, implying its prediction is more reliable than that of entrainment.
Model application
The model accommodates a dual mode of flow (namely entrainment and deposition) on reaches of unconfined flow where 19 £ TH £ 24°(see Fig. 6 ). A probabilistic formulation (UBCDFLOW-P) was developed to incorporate this behaviour. Details and results of the model are reported for two events. However, to first illustrate salient features of the generalized model structure, results of a deterministic version (UBCDFLOW-D) are reported for the same two events. Dual-mode flow is eliminated in the deterministic analysis by selection of mutually exclusive slope ranges for invoking the regression equations (see Table 1 ).
Deterministic back-analysis of two events
A comparison of model results with two events from the supplementary database is given in Fig. 7 . Observed, corrected (å + dV i = å -dV i ), and modelled volumes of entrainment and deposition are reported along the path, together with the respective cumulative flow volumes. Event 3202 from Mamquam Valley initiated as a failure of approximately 380 m 3 , moved downslope without a significant change in size, and produced a short terminal deposition zone. In contrast, event 4001 from Tsitika Valley initiated on an open slope as a relatively small failure (approximately 70 m 3 ) and travelled 50 m, before entering a gully through which it moved before depositing on a moderate-sized fan at the base of the gully. Event 4001 entrained sufficient material to generate a peak flow volume greater than 500 m 3 . The observed initial failure volume (+dV i,o , i = 1) was used in the back-analysis calculations, together with values of W e and W d reported in the field survey notes.
Agreement between the observed and predicted travel distance of these two debris flows is very good, given the nearzero value of modelled cumulative flow volume in the terminal reach of both event paths. Yet, inspection of reaches i = 3 and i = 4 in event 3202 reveals a modelled flow behaviour that differs from the observed behaviour. It is a consequence of the reach slope angle yielding entrainment only for i = 3 (TH = 21°) and deposition only for i = 4 (TH = 17°) when, in the field, a dual-mode of flow caused a net volume change that was opposite. The difference proves insignificant in event 3202, likely due to the relatively large size of the initial failure. Inspection shows, for i = 14 (TH = 23°) in event 4001, the model yields no change in volume because only deposition was observed in that reach (hence W e = 0). In all other reaches, modelled volume changes agree with the observed values.
These and other deterministic back-analyses (Wise 1997) suggest differences between the modelled and observed behaviour do not influence significantly the location along the surveyed event path in the field where åV i = 0, and therefore the calculation of total travel distance. Notwithstanding the apparent excellent agreement, two shortcomings exist in the deterministic analysis. First, the potential for both entrainment and deposition to occur in reaches of unconfined flow on intermediate-slope angles is not explicitly addressed; second, there is no account made for uncertainty in the calculation of travel distance. These features are addressed in the following probabilistic model.
UBCDFLOW-P
The UBCDFLOW-P model incorporates a variation to the generalized model framework which addresses the potential for a dual mode of flow. It also employs a user-defined probability density function (pdf) for two inputs to better model the observed variability and to accommodate uncertainty in predictive modelling.
Dual mode of flow
For prediction scenarios, the postulated event width is termed W. The generalized model framework ( Fig. 5a ) that are reported in Fig. 9 . Boundaries between deposition only, a dual-mode flow, and entrainment only are defined by lines D and E, respectively. Assuming a linear variation in the ratio W d /W (or W e /W) across these bounds yields a relationship like that illustrated for two cases, TH = 18°and 25°. Random sampling of the variable X(TH), within a simulation procedure described below, defines the width of entrainment and deposition. This proportional approach for TH between 19°and 24°(see Fig. 8 ) was extended to include a reduced deposition (at 16-18°) with no entrainment, and a reduced entrainment (at 25-27°) with no deposition.
Treatment of uncertainty
Two issues to be addressed in any prediction of travel distance are the size of the initial failure (+dV 1 ) and the path width (W) of every postulated reach. For +dV 1 , inspection of the 449 events in the QCI database shows a predominance of failures less than 500 m 3 in size and larger failures occurring on open slopes than in gully headwalls and sidewalls (Fig. 10) . The UBCDFLOW-P model incorporates this uncertainty through sampling of a user-defined pdf for +dV 1 . Site inspection and local experience provide the best means to define such a pdf.
Slope morphology controls W. It is best estimated for reaches of confined flow from examination of the gully channel. The estimate for reaches of unconfined flow requires some judgement, since the path width is governed by failure location, microtopography, and the influence of upslope reaches. A reach of transition flow, defined as unconfined flow following confined flow, is typically governed by divergence of any depositional fan at the base of a gully and the depth of incision of any active channel on it. In all cases, sampling of a user-defined pdf for W is used to address this uncertainty.
Probabilistic back-analysis of two events
Inputs to the model are a pdf for the failure volume (+dV 1 ) at the point of origin and, for each successive reach, the path geometry (L i , TH i , dAZ i ) and a pdf for the reach width (W i ). Every simulation yields a value of total travel distance. The number of simulations that terminate in or before a given reach (N i ), and hence the number which continue beyond that point on the hillslope, determines the probability of travel distance exceedance P(Ex) i for the end of that reach of the event path (see Fig. 11 ).
The application of UBCDFLOW-P is illustrated for events 4001 and 3202 in Fig. 12 , given the inputs of Table 2 and N = 2000 simulations. Sampling a uniform pdf for +dV 1 determines a constant volume of 100 and 400 m 3 for each event, respectively, which is comparable to the values observed in the field. The mean value of cumulative flow volume is less than zero in the seventeenth reach (of 17) for Probability of travel distance exceedance is plotted against distance along the flow path (see Fig. 13 ) for these two simulations using a uniform pdf and a companion analysis using a triangular pdf for the initial failure volume. The long distance over which P(Ex) i = 1 for event 4001 is conditioned by confined flow in the gully channel. Its travel distance appears to be insensitive to the pdf for failure volume, a behaviour which is attributed to the influence of the gully on volumetric flow changes determined by the model. These and other back-analyses (Wise 1997) suggest that for channelized debris flows, the point of origin and length travelled within the gully are very influential on travel distance, since this type of event has potential to entrain a large volume of material relative to the initial failure. In contrast, the open-slope terrain of event 3202 appears to be more sensitive to the magnitude of the failure volume, a behaviour which is attributed to the potential for deposition to occur on intermediate slopes.
Summary
The travel distance of a debris slide or flow is a complex phenomenon governed by properties of the material and path of movement. An empirical-statistical method for predicting travel distance has been developed using forensic observations of post-logging landslide activity on the Queen Charlotte Islands, British Columbia. The data describe volumes of entrained and deposited material along the event path and were corrected to impose a balance of total entrainment and deposition, and hence a cumulative flow volume of zero at the point of termination.
The event path is described as a series of reaches. A clear distinction is drawn between unconfined terrain on an open slope and confined terrain in a gully. Three categories of reach morphology were then recognized to influence changes in cumulative debris flow volume as a result of entrainment and deposition: unconfined reaches, confined reaches, and transition reaches that define an unconfined reach following a confined reach.
Five regression equations were established using three predictor variables that are measured, namely reach length, width (entrainment or deposition), and slope angle, and two predictor variables that are derived, namely incoming flow volume and a bend-angle function. The response variable is volume of entrained or deposited material. Reach morphology and slope angle determine the governing equation in a generalized model framework. The model imposes no deposition for flow in a confined reach and no entrainment for flow in a transition reach. Two equations are used for entrainment in an unconfined reach to accommodate the influence of slope angle on this behaviour. The potential for dualmode flow on unconfined reaches of intermediate slope angle is addressed by partitioning of the flow width for both entrainment and deposition in a submodel. Knowing the initial failure volume, the cumulative flow volume is determined for each successive reach downslope of the point of origin in a simulation routine UBCDFLOW-P. Uncertainty is accommodated by a user-defined pdf for the failure volume and width of flow.
The results yield a probability of travel distance exceedance that has been compared with the observed travel distance of two events from other locations in coastal British Columbia, one on an open slope and one that includes a substantial portion of flow in a gully. The agreement obtained Can. Geotech. J. Vol. 38, 2001 between predicted and observed travel distance appears to be very good. It suggests the empirical-statistical model may be applicable to site assessments of debris flow hazard at locations where the terrain and soils are similar to those of the QCI.
Conclusions
The forensic field observations have been used to develop an empirical-statistical model for calculation of debris flow travel distance. Given an initial failure volume, changes in event magnitude arising from entrainment and deposition along the path of movement are used to establish the point at which the cumulative flow volume diminishes to zero, and therefore the total travel distance. The following conclusions are made regarding the movement and travel distance of these events:
(1) For the purposes of modelling, the event path is analyzed as a series of discrete reaches. Reach morphology exerts a strong influence on the occurrence of entrainment and (or) deposition along the path, for any given slope angle. Three types of flow behaviour were recognized in model development: an unconfined-flow reach (an open slope, including the headwall, sidewall, or fan of a gully or a road), a confined-flow reach (gully channel), and a transition-flow reach (open slope immediately downslope of a gully channel).
(2) For unconfined flow, entrainment dominates on slopes steeper than 19°and deposition on slopes gentler than 24°. For confined flow, entrainment dominates on slopes greater than 10°, and deposition is not an important factor. For transition flow, entrainment is unusual, and deposition governs on slopes gentler than 22°.
(3) The model uses morphology and slope angle to determine the occurrence of both entrainment and deposition along the path of movement. This is a novel aspect of the model development. The prediction of entrainment is less reliable than that of deposition. (4) The calculation of debris flow travel distance, from the cumulative flow volume, has been shown to be effective for various combinations of initial failure volume and hillslope configurations. Back-analysis of events suggests that, for channelized events, the point of origin and path length in a gully influence significantly the travel distance because this type of event has the potential to entrain a large volume of material relative to that of the initial failure. In contrast, open-slope events appear more sensitive to the magnitude of the initial failure volume, a behaviour that is attributed to the potential for deposition on moderate slopes.
(5) The model has been developed using field survey data from glaciated hillslopes in coastal British Columbia that have been clear-cut logged. The empirical basis limits its application to similar soils and terrain.
